In a previous survey of inbred mouse strains on an atherogenic diet, we observed that the susceptibility to aortic atherosclerotic lesion formation was associated with the accumulation of lipid peroxidation products, induction of inflammatory genes, and the activation of NF-kB-like transcription factors (Liao, F., A. 
Introduction
A large body of evidence now implicates lipoprotein oxidation in the early stages of atherosclerosis (1) (2) (3) . In particular, oxidized forms of LDL occur in atherosclerotic lesions (4) (5) (6) (7) , and lipophilic antioxidants have been shown to reduce lesion development in animal models (8) (9) (10) (11) . In vitro studies have revealed that oxidized LDL (minimally modified LDL [MM- LDL]) ' are capable of inducing factors likely to mediate arterial monocyte recruitment as well as promoting monocytes to form foam cells (12) (13) (14) (15) (16) . Several of the factors shown to be induced by MM-LDL, including monocyte chemotactic protein-1 (MCP-1 ) and macrophage-colony stimulating factor (M-CSF), have subsequently been shown to be present in atherosclerotic lesions (17) (18) (19) .
We have attempted to examine aspects of lipoprotein oxidation and inflammatory gene activation in vivo using a mouse animal model. We initially demonstrated that injection of MM-LDL into mice stimulated expression of inflammatory mediators such as M-CSF in the circulation and JE (the mouse homolog of MCP-1) in a variety of tissues, including liver (20) . In contrast, injection of native LDL had no effect. We subsequently examined inflammatory gene expression in strains of mice either susceptible or resistant to the development of atherogenic lesions in the aorta after feeding of a high fat, high cholesterol "atherogenic" diet. Striking differences were observed between the strains, and the degree of inflammatory gene expression was associated with genetic difference in susceptibility to atherogenesis (21) . The highly susceptible strain C57BL/6J exhibited dramatic induction of M-CSF in the circulation and induction of JE, inflammatory serum amyloid A (SAA) and heme oxygenase in liver. In contrast, the resistant strain C3H/HeJ showed minimal induction of these genes in response to the atherogenic diet. In addition, strain C57BL/6J mice exhibited significantly greater accumulation of hepatic conjugated dienes, an indicator of lipid peroxidation products, than strain C3H/HeJ mice.
Both the liver and the arterial wall are the sites for the accumulation of lipids and lipid peroxides in animals fed the atherogenic diet. It is noteworthy that the pattern of gene activation after feeding of the atherogenic diet was the same as that observed after injection of MM-LDL (21) . Several lines of evidence suggested that the inflammatory gene activation was mediated by oxidative stress. First, oxidized lipids accumulated in response to the atherogenic diet. Second, genes responsive to oxidative stress, including heme oxygenase and glutathione-S-transferase mu, were induced. And third, inflammatory gene induction was paralleled by activation of an NF-kB-like transcription factor (21) . NF-kB is known to be activated by oxidative stress (22) .
We now report genetic studies to examine the possible relationships among NF-kB-like transcription factor activation, lipid peroxide accumulation, inflammatory gene induction, and aortic fatty streak development. We have previously provided evidence that a single major gene, designated Ath-], contributes to the difference in development of aortic lesions between strain C57BL/6J and C3H/HeJ mice (23) . Because of the large nongenetic variance of aortic lesion development, recombinant inbred (RI) strains of mice provided a useful means of examining the inheritance of susceptibility to atherogenesis (24-26). RI strains are constructed by crossing two parental strains (C57BL/ 6J and C3H/HeJ) to produce F1 progeny, which are subsequently mated to give rise to F2 progeny containing different combinations of the parental genomes. The F2 animals are then brother-sister mated for many generations to yield new sets of inbred strains. The resulting RI strains contain unique combinations of the parental genomes and are useful for testing relationships between complex genetic traits. Thus, if two traits are causally linked or determined by common genetic factors, they should cosegregate among the members of RI strains sharing the same determining gene (s). In the experiments reported here we utilized RI strains derived from C57BL/6J and C3H/HeJ mice (designated BXH). Our results indicate that NF-kB-like transcription factor activation, hepatic inflammatory gene induction, and aortic fatty streak development all cosegregate. Moreover, a significant correlation was observed between the accumulation of hepatic conjugated dienes and inflammatory gene activation. Thus, our results provide strong in vivo evidence for functional relationships among these processes.
Methods
Mice and diets. Parental C57BL/6J and C3H/HeJ mice as well as the BXH RI strains were purchased from The Jackson Laboratory (Bar Harbor, ME). All animals were female, 4-6 months of age, at the time of the experiment. The control (chow) diet was Purina Chow (RalstonPurina Co., St. Louis, MO) containing 4% fat. The atherogenic diet was obtained from Teklad, Madison, WI (TD 90221) and contained 15.75% fat, 1.25% cholesterol, and 0.5% sodium cholate (24).
RNA analysis. Tissues were collected, frozen in liquid nitrogen, and stored at -70'C. Total RNA was extracted from the frozen tissues using the guanidinium thiocyanate-phenol-chloroform method (27) . Total RNA (0.25-1.0 mg) was applied to nylon filters using the ELIFA dot blot apparatus (Pierce, Rockford, IL). RNA (32, 33) . Briefly, approximately 0.4 grams of liver tissue was minced in cold PBS and the minced chunks were disrupted in buffer A with 0.1% NP-40 using a Dounce homogenizer with a type B pestle. The crude nuclear pellets were then resuspended in buffer C and then diluted with buffer D. Nuclear extracts were also prepared from cultured HeLa cells as previously described (33) . Mobility shift assays were carried out according to a standard protocol using the Gibco/BRL NFkB and SP-l binding protein detection systems (GIBCO BRL, Gaithersburg, MD). Since several transcription factors have been identified in the NF-kB family (34) , the assays detect the activation of the sum of these transcription factors that recognize the consensus binding sequence. The autoradiographs were quantitated by densitometric scanning. Densitometric values for NF-kB-like bands of the same nuclear extracts prepared from HeLa cells treated with LPS served as the standard to account for the variation among different autoradiographs. The values obtained from different nuclear extracts were then further normalized to the internal standard SP-1, a constitutive transcription factor, to account for the variation of the nuclear extracts for different samples used in the assays.
Aortic lesion scoring. After killing the upper portion of the heart and proximal aorta were embedded in OCT compound and frozen on dry ice. Serial 10-/tm-thick cryosections of aorta, beginning at the aortic root, were collected for a distance of -400 ttm (35, 36) . These sections were stained with oil red 0 and hematoxylin. The lipid-containing area on each section was determined by using a microscope eyepiece grid. The lesion scores are the average values of lipid staining areas of aortic wall per section.
Lipid extraction and measurement ofconjugated dienes. Total lipids were extracted from livers of mice and conjugated dienes were measured using the second derivative ultraviolet absorption spectra of the lipids in hexane as previously described (21) using soybean lipoxygenase oxidized linoleic acid as a standard.
Statistical analysis. Correlations and levels of significance were calculated using the StatView (Abacus Concepts, Inc., Berkeley, CA). The correlations presented are for log-transformed data, but similar correlations were observed with the raw data.
Results
Cosegregation of induction of inflammatory genes. We previously observed that inbred strains C3H/HeJ and C57BL/6J differed in the induction of a variety of inflammatory genes in response to the consumption of a high fat, high cholesterol, "atherogenic" diet. Whereas strain C57BL/6J mice exhibited substantial induction of plasma M-CSF activity, plasma inflammatory SAA levels, hepatic inflammatory SAA mRNA levels, hepatic JE mRNA levels, hepatic heme oxygenase mRNA levels, and hepatic glutathione-S-transferase mRNA levels after 5-15 wk of feeding of the atherogenic diet, strain C3H/HeJ mice exhibited minimal or no induction of these proteins or transcripts. To test whether a common genetic factor (or set of genetic factors) determined the response of the genes to the diet, gene expression was studied in a set of ten mRNA levels after 5 wk on the atherogenic diet also had higher levels after 15 wk on the diet (r = 0.61, P = 0.03). The same trend was observed for hepatic heme oxygenase mRNA levels (r = 0.73, P = 0.02) (data not shown).
As shown in Table I , the patterns of inheritance of both inflammatory SAA and heme oxygenase mRNA levels were complex (non-Mendelian), suggesting the existence of multiple genetic factors, or of a single major gene with modifying factors, contributing to the induction by the atherogenic diet (see Discussion). That is, the values for the RI strains did not all resemble either one parent or the other, as expected for a single Mendelian factor. Clearly, however, induction of heme oxygenase and inflammatory SAA was highly concordant among the various RI strains (Fig. 2) , whether analyzed using the average values for each strain (r = 0.74, P < 0.0001) or the individual values (r = 0.61, P < 0.0001).
As a control, we examined the inheritance of apolipoprotein A-IV (apo A-IV) expression. Like inflammatory SAA oxygenase, hepatic apo A-IV mRNA expression is highly responsive to the atherogenic diet and the response differed among inbred strains (37) . However, neither inflammatory SAA nor heme oxygenase mRNA levels exhibited significant cosegregation with hepatic apolipoprotein A-IV mRNA levels (Fig. 3) . Thus, the genetic factors mediating apo A-IV expression are distinct from those mediating inflammatory SAA and heme oxygenase expression.
Cosegregation of activation of NF-kB-like transcription factors with induction of inflammatory and oxidative stress responsive genes. We previously reported that strain C57BL/6J mice exhibited dramatic activation of hepatic NF-kB, or closely related transcription factors, when maintained on the atherogenic diet, whereas strain C3H/HeJ exhibited marginally detectable levels of activated NF-kB-like factors on either the chow or the atherogenic diet (21) . Since NF-kB binding sites are present in the promoters for at least some of the genes induced by MM-LDL injection or the atherogenic diet, including JE (38), M-CSF (39), inflammatory SAA (40) , and tissue factor (41), our results suggest that activation of members of the NFkB family could mediate, in part, the induction of these genes. To further test this possibility, the levels of activated NF-kBlike factors in hepatic nuclear extracts were determined among the parental and BXH RI strains using the mobility shift assays (Table I, Fig. 4 ). The levels of activated NF-kB-like factors were concordant, among BXH RI strains and the parental strains, with the levels of heme oxygenase mRNA (r = 0.68, P = 0.01), and inflammatory SAA mRNA (r = 0.77, P = 0.003) in mice maintained on the atherogenic diet. NF-kBlike activity showed no significant correlation with the levels of hepatic apo A-IV mRNA (r = -0.17, P = 0.63) (Fig. 5) .
Cosegregation of lipid peroxide accumulation and inflammatory gene induction. We previously observed that the accumulation of hepatic lipid peroxidation products, as estimated by the levels of conjugated dienes, was significantly greater in strain C57BL/6J mice than in strain C3H/HeJ mice fed the atherogenic diet. Total lipid levels, however, did not differ significantly between the strains on either chow or atherogenic diets (21 levels of hepatic conjugated dienes associated with total lipids among the BXH RI strains (Table I ). The levels of conjugated dienes were correlated among the strains with the induction of heme oxygenase mRNA (r = 0.69, P = 0.01), SAA mRNA (r = 0.65, P = 0.02) and NF-kB-like activity (r = 0.64, P = 0.03) (Fig. 6) . No correlation was observed with the levels of apo A-IV mRNA (r = 0.04, P = 0.89) (Fig. 6 ). As observed with the parental strains, no significant correlations were observed between total lipid accumulation and liver gene induction (data not shown). Cosegregation of aortic fatty streak formation with activation of hepatic genes and NF-kB-like factors. We originally examined susceptibility of BXH RI strains for aortic fatty streak formation using a semiquantitative lesion scoring technique log (A-IV units) Figure 3 . Absence of segregation of apo A-IV with inflammatory SAA (SAA) and heme oxygenase (HO) in BXH recombinant inbred strains. Mice were killed after having been maintained on the atherogenic diet for 15 wk. The hepatic mRNA levels of inflammatory SAA, heme oxygenase and apo A-IV were determined by using dot blot assays. 3-9 mice were included for each strain. (23) . The results suggested that the lesion development was determined by a major gene which was designated Ath-J (for Atherosclerosis-i). We have now reexamined the BXH RI strains for lesion susceptibility with a more quantitative histological procedure developed by Paigen and co-workers (35) , in which total lesion volume is estimated by quantitating lesion areas in serial sections of the proximal aorta (35, 36) . Fig. 7 demonstrates that aortic lesion scores were highly concordant among the BXH RI and the parental strains with the levels of inflammatory SAA mRNA (r = 0.79, P = 0.002), heme oxygenase mRNA (r = 0.66, P = 0.02), and activated NF-kBlike transcription factors (r = 0.84, P = 0.0006). Aortic lesion development exhibited no correlation with levels of hepatic apo A-IV mRNA (r = -0.14, P = 0.70). Although the levels of hepatic conjugated dienes were correlated with hepatic gene induction, they did not exhibit significant cosegregation with aortic fatty streak formation (r = 0.37, P = 0.23). 880 Liao et al. The level of NF-kB in each liver sample was normalized to that for the constitutive transcription factor SP-1 in the same sample and also to NF-kB levels in an extract prepared from LPS-stimulated HeLa cells.
Representative results from BXH 7 (7) and BXH 11 (11) are shown as examples. (B) Mobility shift assays for the transcription factor SP-1 in the mouse liver nuclear extracts. Shown are SP-1 mobility shifts in the same BXH 7 (7) and BXH 11 (11) samples as in A.
The fraction of variance of one trait that can be explained by a second trait is approximated by r2. Therefore, 70% of the variance of aortic lesion formation (see Fig. 7 ), and 50
and 60% of the variance of hepatic heme oxygenase and inflammatory SAA expression (see Fig. 5 ) are explained by the levels of the activated NF-kB-like transcription factors. Our results suggest that common genetic factors related to the activation of NF-kB-like transcription factors contribute significantly to both induction of hepatic inflammatory genes and development of aortic atherosclerotic lesions.
Discussion
The finding that genetic variations influencing inflammatory gene induction in response to an atherogenic diet cosegregate with the susceptibility to aortic fatty streak formation indicates that these processes are either directly related or that they share a common pathway. The results provide new and independent evidence for the "lipoprotein oxidation hypothesis" for atherosclerosis (1). In a previous report we showed that injection of MM-LDL into mice resulted in induction of the same set of genes as feeding the atherogenic diet (20, 21, 42, 43) . These genes included M-CSF, JE, heme oxygenase, inflammatory SAA, tissue factor and KC/gro. Since conjugated dienes accumulate in tissues of animals maintained on the atherogenic diet, it is likely that oxidized species of lipids, similar to those present in oxidized LDL, are responsible for the inflammatory response and atherogenesis. Moreover, the levels of conjugated dienes which accumulated on the atherogenic diet were correlated with inflammatory gene activation. The identities of the genetic factors differing between strains C57BL/6J and C3H/HeJ are unknown, but our results suggest that they influence either lipid oxidation or cellular response to oxidized lipids. Such genetic factors, influencing local reactions to lipid peroxidation, are novel, but they could play an important role in the genetic susceptibility to heart disease in human populations. Lipid oxidation could be affected by genetic variations and C3H/HeJ strains and BXH recombinant inbred strains were assessed for hepatic inflammatory SAA, heme oxygenase and apo A-IV mRNA levels by using dot blot assays. The activated NF-kB-like transcription factors were detected in liver nuclear extracts by using gel mobility shift assays. 3-9 mice were used in each group. in genes involved in the production (e.g., lipoxygenase) or reduction (e.g., heme oxygenase, superoxide dismutase, Bcl-2 and the enzymes of the glutathione system) of lipid peroxides or reactive oxygen intermediates. Recent in vitro studies suggest that HDL may inhibit LDL oxidation. It is noteworthy that acute-phase HDL, which is enriched with the inflammatory SAA was deficient in the ability to inhibit LDL oxidation (44) . Thus, the induction of inflammatory SAA by the atherogenic diet could potentially influence LDL oxidation in the arterial log (Conjugated dienes) Figure 6 . Cosegregation of hepatic lipid peroxide accumulation with inflammatory gene induction and NF-kB-like factor activation. Parental and BXH RI strains were fed an atherogenic diet for 15 wk, total hepatic lipids were extracted, and conjugated diene levels were measured spectrophotometrically (21) . Three animals per group were studied. Inflammatory gene mRNA levels, apo A-IV levels, and activated NF-kB-like transcription factor levels (Table I) are plotted as function of conjugated diene levels.
wall. Transcriptional control of cellular responses to oxidative stress has been reported for the regulation of transcription factor USF through a shift in the redox state of the two cysteines in the helix-loop-helix region of the protein (45) .
The observation that the levels of lipid peroxidation products, as estimated by levels of conjugated dienes, were correlated with inflammatory gene activation suggests that genetic factors controlling lipid oxidation are the primary determinants of genetic predisposition to atherosclerosis in this model. The identities of the oxidized lipid species that are responsible for inflammatory gene activation are unknown, and total levels of conjugated dienes probably represent a relatively crude estimate of the levels of the biologically active species. This may account for the failure to observe a significant correlation between conjugated diene levels and aortic fatty streak development.
C3H/HeJ mice are resistant to many of the effects of bacterial lipopolysaccharide (LPS). This resistance is due to mutation of a single gene, Lps, located on chromosome 4 (46) . Since LPS induces many of the same genes as oxidized lipoproteins, we have considered the possibility that the Lps gene may be the major determining gene for the relative resistance of C3H/ HeJ mice to inflammatory mediator induction and fatty streak formation when challenged with the atherogenic diet. The results of the present study demonstrate that the segregation of the Lps gene is discordant with the segregation of the other traits examined, indicating that the Lps gene is not a major determining factor (Table I) . For example, strain BXH-8 was highly susceptible to lesion development and inflammatory mediator induction, but carries the Lps-resistant allele (from C3H/ HeJ), whereas strain BXH-10 was relatively resistant to the lesion development and inflammatory mediator activation but carries the Lps-sensitive allele (from C57BL/6J) ( Table I) . These results are consistent with our previous findings that the pathway for activation of inflammatory mediators by MM-LDL is distinct from that by LPS (20) .
Our study supports a role for members of the NF-kB family of transcription factors in the pathway leading from oxidized lipids to inflammatory gene induction. These transcription factors exist as cytosolic dimers bound to an inhibitory molecule, IkB, and their activation results in the dissociation of IkB and translocation of the active subunits to the nucleus where their interaction with regulatory elements occurs (34) . Our results are consistent with previous tissue culture studies indicating that MM-LDL can induce transcription in the absence of protein synthesis (47) . They are also consistent with recent studies suggesting that the 882 Liao et al. log (lesion scores) Figure 7 . Cosegregation of liver inflammatory SAA (SAA), heme oxygenase (HO), and activated NF-kB-like factors with aortic atherosclerotic lesions. After 15 wk of consumption of the atherogenic diet, the parental C57BL/6J and C3H/HeJ strains and BXH recombinant inbred strains were assessed for aortic lesion formation by standard histological examination, for hepatic inflammatory SAA, heme oxygenase and apo A-IV mRNA levels by dot blot assays, and for liver active NF-kB-like transcription factors by mobility shift assays. 3-9 mice were used in each group. activation of gene expression by MM-LDL is mediated by the cyclic AMP pathway (48) , since this pathway has been associated with NF-kB activation (49) . We previously examined the segregation pattern of aortic lesion formation in two sets of RI strains, including the BXH set (23) . The results suggested that aortic lesion development was determined by a major genetic factor, designated Ath-J, which was tentatively assigned to mouse chromosome 1. Our present findings suggest that Ath-J is identical to a major genetic factor determining inflammatory and oxidative stress responsive gene induction as well as NF-kB family activation in response to the atherogenic diet among the BXH set of RI strains. The identification of these biochemical markers for atherogenesis should facilitate the identification of the Ath-J gene by a positional cloning strategy. 
